HIV-1 and its simian counterpart SIV have been exquisitely tailored by evolution to evade host immunity. By virtue of specific adaptations that thwart individual innate or adaptive immune mechanisms, and an overall replication strategy that provides for rapid establishment of a large, systemic viral population, capable of dynamic adaptation to almost all immune selection pressures, these viruses, once established, almost invariably stay one step ahead of the host's immune system, and in the vast majority of infected individuals, replicate indefinitely. Although many vaccine approaches tested to date have been able to enhance the magnitude of the immune responses to HIV/SIV infection, most of these responses, whether cellular or humoral, have largely failed to be both effectively antiviral and targeted to prevent the emergence of fully functional escape variants. Recent advances, however, have provided strong evidence that the initial stages of infection following mucosal transmission of these viruses are more vulnerable to immune intervention, and have led to the development of vaccine strategies that elicit responses able to effectively intervene in these early stages of infection, either preventing acquisition of infection or establishing early, stringent, and durable control. Here, we place HIV/AIDS vaccine development in the context of the basic immunobiology of HIV and SIV, review the evidence for their vulnerability to immune responses immediately after mucosal transmission, and discuss how this newly recognized vulnerability might be exploited for the development of an effective HIV/AIDS vaccine.
INTRODUCTION
HIV-1 infections of humans and pathogenic SIV infections of nonhuman primates (NHPs) share a pattern of viral replication and a constellation of pathologic features that in the absence of antiretroviral therapy almost always result in unremitting infection and a progressive, ultimately fatal, immune deficiency (1) (2) (3) . A striking feature of these pathologic lentiviral infections is their induction of robust cellular and humoral immune responses, which fail to clear or, in the vast majority of subjects, even effectively control viral replication (4, 5) . The AIDS-causing lentiviruses of humans and Asian NHPs derive from SIVs endemic in African NHP populations that typically do not cause disease in their native hosts (6, 7) . However, this lack of pathogenicity is due not to the ability of these natural hosts to immunologically control SIV replication, but rather to host adaptations that prevent the adverse effects of high viral replication on the immune system (7) . The prevailing view is that extended coevolution of these different viruses and their various natural hosts has resulted in variations on the common theme that pathogenesis is avoided through adaptive mechanisms other than the achievement of effective immune control of SIV replication. This is in striking contrast to the vast majority of viral pathogens, for which immune control of replication plays the major role in preventing pathogenic consequences (including even other persistent viruses, such as Herpes family viruses).
These observations (along with the absence of precedent for natural immunity leading to clearance of HIV and durable immune protection from super-infection) indicate that development of an effective HIV/AIDS vaccine will not consist of identifying an immunization approach that mimics protective natural immunity, as has been the path to success for most vaccines, but rather will require that vaccine developers achieve what nature could not: a generally protective anti-HIV immune response (8) . These considerations underscore the difficulty in developing an HIV/AIDS vaccine and largely account for the disappointing progress in this development over the past 25 years. However, the substantial investment in basic and clinical research on the immunobiology of these AIDS-causing lentiviruses is clearly paying off. These investigations have painted an increasingly clear picture of the mechanisms used by pathogenic lentiviruses to evade immunity, and most importantly have revealed that these viruses appear to have an "Achilles heel," immune vulnerabilities that may allow the host to prevent or control infection. Here, we review the strategies used by HIV/SIV to avoid host immunity, as well as the weaknesses in these strategies that might be exploited for development of an effective HIV/AIDS vaccine. We focus on the apparent window of viral vulnerability in the early stages of infection following mucosal transmission.
IMMUNOBIOLOGY OF HIV/SIV INFECTION
A crucial and slowly learned lesson of nearly three decades of HIV/SIV research has been the fact that the interaction of these viruses with the host immune system frequently does not follow the patterns established for other commonly studied viral pathogens. All intracellular pathogens have to counter host immunity, especially innate immunity, to replicate and manifest disease, but the breadth and depth of immune evasion achieved by HIV and SIV, given their comparatively meager ≤10-kb genomes, are astonishing. Specific viral adaptations targeting innate immunity include the viral vpu and vif genes countering the host antiviral proteins tetherin and APOBECs, respectively (9) . Cytotoxic T lymphocyte (CTL) responses are subverted by nef-mediated downregulation of HLA-A and HLA-B, which prevents CTL recognition of infected cells. Notably, HLA-C expression is not downregulated in such infected cells, preventing their efficient killing by natural killer cells (9) . Humoral immune responses are countered by specific adaptations in the viral envelope glycoprotein (Env) that prevent the vast T EM : effector memory T cell(s) majority of anti-Env antibodies from mediating neutralization, or even recognizing native Env spikes on the HIV/SIV virion surface (10) (11) (12) . However, although each of these specific mechanisms makes an important contribution to HIV/SIV immune evasion, they are but pieces of a larger overall strategy that starts with the transmission, target cell selection, and replication mechanisms of these viruses.
Early research identified the CD4 molecule as an entry receptor for HIV and SIV, explaining the loss of CD4
+ T cells noted in infected subjects with AIDS (13) . Depletion of this subset can subvert CD4 + T cell help, potentially leading to suboptimal antiviral immune responses that favor persistent viral replication rather than host immune control. However, maximal CD4 + T cell depletion typically occurs after failure of viral control, and initial adaptive immune responses, particularly CD8 + T cell responses, to infection tend to be robust (4), suggesting loss of CD4 + T cell help does not solely account for the poor adaptive immune control of these viruses. The discoveries that coreceptors are required for viral entry and that transmitted forms of these viruses utilize CCR5 [a chemokine receptor involved in T cell migration in effector/inflammatory sites (14) ] as coreceptor (15) offered additional insight into the complex immunobiology of these infections. CCR5 coreceptor use, conferring "CCR5-tropism," ingeniously focuses HIV/SIV infection on differentiated or differentiating effector memory CD4 + T cells (T EM ) (Figure 1) , an enormous, widely distributed, and readily replenished reservoir of potential viral target cells (16, 17) .
This population constitutes the major CD4
+ T cell population in gastrointestinal and genital mucosa, and thus the availability of these target cells in such mucosal tissues facilitates efficient transmission and local spread of infection at these sites. The latter is augmented by the recruitment of additional target cells 
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Figure 1
Schema of peripheral T cell differentiation. The figure shows the coordinate changes in T cell homing behavior, expansion capacity, and effector function that occur with progressive differentiation in the peripheral immune system. Straight arrows indicate a linear differentiation sequence. Circular arrows indicate a population with independently regulated, secondary lymphoid tissue-based homeostasis. Because of the CCR5 tropism of transmitted strains of HIV/SIV and the preferential expression of CCR5 in later stages of memory differentiation, this differentiation process is fundamental to HIV/SIV immunopathogenesis, providing for selective targeting of later-stage (T EM ) CD4 + memory cells while sparing a progenitor population (T CM ) for continued production of new targets. Mechanisms of memory T cell differentiation are equally important to the activity of vaccine-elicited T cell responses, as they determine whether such responses predominantly localize in lymphoid tissue and respond to infection with expansion, effector differentiation, and delayed migration to effector sites (T CM ), or in extra-lymphoid effector sites, allowing immediate interception of transmitted virus in such sites (T EM ). Abbreviations: Ag, antigen; CCR5, C-C chemokine receptor 5; HIV, human immunodeficiency virus; SIV, simian immunodeficiency virus; T CM , central memory T cell; T EM , effector memory T cell.
from the blood by the innate immune reaction to the initial local infection (18 
Figure 2
The typical course of plasma viremia in early SIVmac infection and kinetics of T cell response development (timing of onset of peak effector T cell responses) in unvaccinated Indian-origin rhesus macaques ("naïve"; red ) are compared to animals vaccinated with T CM -generating prime-boost approaches using nonpersistent vectors (blue) versus T EM -generating (persistent) cytomegalovirus (CMV) vectors ( purple). Note that prime-boost vaccination shortens the time to peak effector responses, but these responses still develop after the window of opportunity and therefore do not prevent irreversible, systemic infection. In contrast, the persistent CMV vectors continuously maintain high-frequency effector responses that are capable of suppressing infection within the window of opportunity and thereby prevent the onset of irreversible, systemic infection.
destruction because of their limited expression of the CCR5 coreceptor required for infection ( Figure 1 ). This target cell regeneration process facilitates high levels of viral replication for long periods, although over time the persistent hyperimmune activation and inflammation inherent in pathogenic HIV/SIV infection eventually destroy both the CD4 + T CM precursors of the CD4 + T EM viral targets and the regenerative microenvironments necessary for their replenishment, leading to homeostatic failure of the CD4 + memory compartment and the onset of AIDS (16, 17, 22) .
From an immunobiologic perspective, this infection strategy provides far more than an evolutionarily clever way to sustain target cells for HIV/SIV replication over long periods; it critically provides for the rapid establishment of massive systemic viral replication. The combination of (a) an enormous, early onset of viral replication, (b) employment of a replication strategy that includes an error-prone reverse transcriptase and a consequently high mutation rate (leading to sequence diversity), and (c) a high level of genetic malleability and functional plasticity results in an extraordinary ability to generate viral variants that can escape immune effector responses (4, 5, 23, 24) . Once a rapidly replicating viral population reaches a certain size, capable of generating variants to overcome environmental selection pressures, the difficulty of controlling viral replication with antiviral immunity-e.g., attacking the infection with an immune response that is both effectively antiviral and targeted such that fully functional escape variants are not easily selected-becomes especially daunting. Tellingly, in naïve hosts, adaptive immune antiviral effector activity, both cellular and humoral, peak well after the peak in plasma viremia in acute HIV/SIV infection (4), and therefore after this critical mass of viral adaptive flexibility has been established (Figure 2) . CD8 + T cell responses are the first adaptive immune effector responses to develop in acute HIV/SIV infection (4). These responses can exert demonstrable selection pressure on the virus population, leading to replacement of the founder virus sequence with escape variants. In some infected individuals, typically a subset of those with "protective" major histocompatibility complex (MHC) class I alleles that direct CD8 + T cell targeting to conserved regions of viral gene products (particularly Gag), this can result in selection of viral variants with significantly reduced replicative fitness, facilitating virologic control (25) (26) (27) . Such individuals can manifest long-term "elite" virologic control (28) , but this outcome is uncommon in both humans and NHPs. In most infected subjects, antiviral CD8
+ T cell responses are not effective; either they select for viral variants with no apparent fitness defect, or they are not associated with sequence changes at all (4, 29) , suggesting that the responses have not exerted biologically meaningful selection pressure. Such "ignored" responses may represent dysfunctional CD8
+ T cells (30) or inadequate T cell receptor avidity (5), but more likely they simply reflect an inability of these responses to achieve high enough effector-to-target ratios to impact viral replication (18) .
The situation with regard to antiviral antibody responses in primary infection is even bleaker. Owing to intrinsic characteristics of the Env protein (10) (11) (12) , antibodies that can neutralize autologous virus do not begin to appear until after ∼12 weeks of infection (4) . These antibody responses can also exert sufficient selection pressure to lead to escape mutations, and indeed the typical course of infection is characterized by the development of antibody responses capable of neutralizing virus, selection of escape variants, development (after a delay) of new responses capable of neutralizing the new escape variants, and selection of new escape variants, with the host always playing catch-up (31, 32) . The host's immunologic pressure appears in most cases to have little effect on the course of infection (33) .
Thus, perhaps the most critical adaptive characteristic of HIV/SIV pathobiology is the speed and dynamism of these viruses (in ironic contrast to their group name of lentiviruses, i.e., "slow viruses," based on their typically protracted clinical course) in both the ability to rapidly establish a large, genetically flexible, adaptive viral population before the onset of effective antiviral immunity, and the resulting ability to rapidly generate replicationcompetent viral variants in response to environmental selection pressures. This strategy almost invariably keeps the virus one step ahead of the host, and the infection permanent.
LESSONS FROM VACCINES: FAILURES OF PROTECTION AND PARTIAL SUCCESSES
Although the de novo T cell response to primary HIV/SIV infection brings "too little" antiviral activity to sites of viral replication "too late" to control infection in most naïve individuals (34), it remains possible that a prophylactic vaccine capable of eliciting memory responses that respond to HIV/SIV infection with earlier, stronger, and more broadly targeted CD8 + T cell effector responses than develop in naïve subjects might more effectively suppress viral replication in infected individuals. A vaccine of this type would confer both individual and population benefits by limiting pathogenesis and reducing the likelihood of transmission (8, 35) . Such anamnestic T cell responses would not be expected to prevent infection, but by applying stronger immune pressure to more viral sequences (or, by virtue of targeting more viral sequences, having a higher likelihood of targeting sequences critical to viral fitness) might reduce viral replication by direct suppression or by forcing genetic changes that compromise viral replication efficiency. Such suppression would be enhanced if these T cell responses were also able to intercept the infection prior to the massive systemic replication that facilitates immune escape.
This concept has guided development of T-cell-response-targeted HIV/AIDS vaccines over the past decade and has been extensively evaluated in various NHP AIDS models using increasingly potent DNA and viral vector immunogens and combinations of these vectors in various prime-boost combinations. These vaccines have typically used replication-impaired or replication-incompetent viral vectors (particularly vectors based on poxviruses and adenoviruses) that safely provide high-level, but relatively transient, exposure to viral antigens, along with the necessary innate immune stimulation, to elicit potent conventional CD8 + T cell memory responses-that is, T CM -biased populations capable of robust expansion and effector cell production after antigen restimulation (Figure 1) .
Although the results of these studies vary somewhat with the vaccine approaches, NHP species, and challenge viruses utilized, the experience is now extensive enough that a number of consistent themes have emerged. First, the best of these vaccines, particularly prime-boost combination vaccines, can in fact dramatically enhance the magnitude of antiviral CD8
+ T cell responses after infection (often >10-fold) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . Moreover, these anamnestic responses generally peak somewhat earlier than primary responses in naïve animals, although these peak responses still follow, rather than precede, peak viral replication (Figure 2) . Second, the most effective regimens can also reduce peak and early chronic phase viral loads and extend median survival after challenge with highly pathogenic, CCR5-tropic SIV (SIVmac and SIVsm derivatives), the challenge models thought to best recapitulate HIV infection of humans (35, 46) . However, the protection observed with these vaccines has been found to be uneven within identically vaccinated rhesus monkey cohorts. Protection is often correlated with protective MHC alleles, and, for SIVsmderived viruses, TRIM5 alleles that influence target cell permissiveness for these viruses. The protective effect is usually limited to an approximately 1.5-2-log median reduction in peak and plateau phase plasma viral loads with SIVmac challenge and is subject to loss of control over time (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (47) (48) (49) (50) . This pattern of heterogeneous outcomes, with most vaccines manifesting limited and/or transient protection, has been observed with both intravenous and mucosal challenges [the latter including both high (single) and low (repeated) doses]. This is the pattern expected of an antiviral response that depends on anamnestic expansion, effector differentiation, and homing of CD8 + memory T cells, and therefore can act to contain the infection only after systemic spread and massive viral replication have already occurred.
Arguably, infection with the highly pathogenic, CCR5-tropic SIV challenge used in these NHP vaccine efficacy studies (especially SIVmac-derived challenge viruses) is more aggressive than typical clinical HIV infections, attaining peak plasma viremia about a week earlier and manifesting 10-100-fold higher viral replication rates at set point. This difference raises the possibility that such models might represent an unduly stringent challenge for vaccines, and that these vaccine approaches might be more effective against HIV infection in humans than in SIVmac infection in macaques. Unfortunately, this was not the case in the first clinical assessment of this CD8
+ memory T cell vaccine concept, the phase IIb Merck STEP trial (HVTN 502), which used Adenovirus (Ad) 5 vectors expressing HIV Gag, Nef, and Pol. Despite detection of HIV-specific CD8 + T cells in 73% of vaccinated subjects, this trial gave a clear negative result-there was no evidence of vaccine-induced protection in terms of preventing acquisition of infection or facilitating control of postinfection HIV replication in the vaccinated group (51, 52) . Post-hoc analysis revealed a statistically significant "sieving" effect of vaccine-elicited responses on the sequence of the viruses that established infection in vaccinees (53) , suggesting that vaccine-elicited T cells did exert weak selection pressure, particularly in individuals with protective MHC I alleles, but this was much less than was hoped for with this vaccine. In a further complication, the results raised the question of whether the vaccine might have increased the incidence of infection in uncircumcised men (54) .
The vaccine used in the STEP trial (which consisted of Ad5 vectors only, not the more potent prime-boost approach) appears, in retrospect, to have been insufficiently potent in both the magnitude and breadth of responses induced to achieve significant protection (55) . It is noteworthy that analogous "Ad5 vector only" vaccines did not provide significant protection in NHPs against intrarectal SIVmac (44) or SIVsmE660 challenge (M. Reynolds and D. Watkins, personal communication). Although it remains possible that a more potent primeboost regimen would yield better results in a human trial, taken together, the NHP and human data illustrate the difficulty in attaining efficacy against HIV/SIV with a vaccine approach designed to elicit protection via an anamnestic CD8
+ memory T cell response, as even the best of these responses still confront HIV/SIV infection only after its systemic establishment, and therefore must contend with immune evasion enabled by an established virus population capable of extensive adaptive variation.
The development of HIV/AIDS vaccines targeting humoral immunity has encountered equally formidable obstacles. The initial characterization of HIV-1 as a retrovirus with Env protein-mediated entry brought high hopes that an Env-based vaccination approach would yield neutralizing antibodies that would provide protection against either acquisition or progression of infection. These hopes were spurred on by the relative susceptibility of laboratory passaged HIV strains to neutralization by anti-Env antibodies. However, it was subsequently determined that clinical isolates were highly resistant to neutralization and that in fact the vast majority of antibodies elicited by immunization with monomeric Env proteins were directed at "decoy" epitopes with little or no neutralization activity (10-12). As might be expected from these findings, two large, well-conducted phase III efficacy trials (VAX003 and VAX004) of alum-adjuvanted Env protein (gp120) showed no efficacy against HIV-1 acquisition or postinfection viremia (56, 57) . Additional studies have demonstrated that neutralization-sensitive epitopes (conserved functional parts of the Env protein) are effectively concealed in native Env trimers and are poorly immunogenic. Epitopes presented by denatured Env dominate the anti-Env response but do not bind the critical regions of the timeric Env spikes of infectious virions required for neutralization (10) (11) (12) 58 ). As indicated above, HIV-infected individuals do start making neutralizing antibodies to their autologous virus after ∼12 weeks of infection, and ∼20% of infected individuals eventually develop HIV-specific antibodies capable of neutralizing heterologous HIV strains (4), with rare individuals manifesting antibodies that recognize conserved regions of Env capable of broad neutralization (59) . Although these antibodies, developing relatively late in infection, confer little or no benefit to these individuals owing to viral escape (33), monoclonal antibodies with broadly neutralizing activity can, when present in appropriate concentration at the time of challenge, completely protect NHPs from challenge with pathogenic SHIV (SIV-HIV hybrid virus) expressing HIV Env (60, 61) . To date, however, despite extensive effort, no immunogen/vaccine approach has been capable of reliably eliciting such broadly neutralizing antibodies, and the prospects for such immunogens remain uncertain. Thus, HIV/AIDS vaccines targeting humoral immunity have been stymied by the inability to achieve responses with sufficient antiviral activity, as defined by broad, high-titer neutralization activity.
IMMUNE VULNERABILITIES REVEALED
These considerations suggest that development of vaccines that prevent infection or consistently mediate effective immune control of HIV/SIV will be very difficult to achieve. Indeed, in the wake of the negative results from the STEP trial, there were calls from some quarters for abandoning vaccine development in favor of pursuing other HIV prevention strategies. However, more recent developments provide evidence of effective, vaccine-elicited anti-HIV/SIV immunity and point to brighter prospects for the development of an effective vaccine. Foremost among these developments is the outcome of the RV144 AIDS vaccine trial, which evaluated the ability of a prime-boost vaccination versus placebo to protect against
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HIV infection in 16,402 relatively low-risk subjects in Thailand (62) . The vaccinated group received a canarypox virus prime (ALVAC-HIV) and an Env protein (gp120 subunit) boost. Compared to the placebo group, the vaccinated group manifested a 31% reduction in infection acquisition, which was significant at a p-value of 0.04 (modified intent-to-treat analysis). The apparent vaccination-associated efficacy seemed to be greatest in the first year after vaccination and then decreased thereafter. In study subjects who were infected with HIV, there was no difference between vaccinees and controls with respect to viral load. Immunologically, this vaccine approach elicited strong, but transient, Env-specific antibody responses and Env-specific CD4 + T cell lymphoproliferative responses, but no significant HIV-specific CD8 + T cell responses (55, 58, 62) . The Env-specific antibody responses included neutralization of tissue-culture-adapted viruses and the ability to mediate antibody-dependent cell-mediated cytotoxicity, but not the broad, potent neutralization of transmitted HIV strains previously thought to be required for meaningful protection.
Although the immunologic correlate or correlates of the modest protection observed in the RV144 trial have not been precisely determined, the nature of protection (against acquisition of infection only, without control of virus postacquisition) and the nature of the elicited responses (humoral immune dominated) strongly suggest that antibody-mediated mechanisms may be responsible. This hypothesis is in keeping with an increasing body of data showing the ability of antibodies to mediate anti-HIV/SIV activity by mechanisms other than potent, broad virus neutralization, including antibody-dependent cell-mediated cytotoxicity, antibody-dependent cell-mediated viral inhibition, antibody-mediated trapping of virions in mucus, or inhibition of viral translocation across epithelia (63) (64) (65) (66) (67) .
Importantly, RV144-like protection against acquisition of infection has been recapitulated in the NHP models of infection. In the largest NHP study, analogous to the RV144 trial, a prime-boost vaccination regimen protected ∼50% of vaccinated monkeys from acquisition of SIVsmE660 after repeated low-dose intrarectal challenge but had a minimal effect on peak viral loads of those animals that did become infected (50) . Immunologic correlates of this protection included low neutralizing antibody titers and Env-specific CD4 + T cell responses. In another recent study, mucosal vaccination of NHPs with gp41 expressing virosomes showed protection against acquisition of SHIV infection after repeated, limitingdose intravaginal challenge. This protection correlated with antiviral IgAs in the vagina and occurred in the absence of plasma IgGs with neutralization activity (68) .
The significance of these observations lies in the facts that (a) for the first time, a vaccine has been shown to significantly, albeit modestly, reduce acquisition of HIV infection in the field; (b) such protection can be elicited by primeboost vaccines and other approaches using relatively simple immunogens, almost certainly through an antibody-mediated mechanism; and (c) protection against infection acquisition appears to be achievable without the broad, potent, transmitted-strain neutralization response that has been so difficult to achieve with vaccines. Although these results are quite promising, caveats include the facts that (a) the modest RV144 protection appeared to be time limited and was achieved in a low-risk population, and it may not be recapitulated in upcoming studies in higher-risk populations such as those in sub-Saharan Africa; and (b) the acquisition protection achieved with SIVsmE660 was not recapitulated in a parallel study employing repeated low-dose intrarectal challenge of monkeys with a different SIV strain (SIVmac251) given the same vaccine (50) . Nevertheless, taken together, these data indicate that significant protection against infection acquisition is attainable with vaccination and strongly suggest that such protection can be mediated by antiviral Abs that lack broadly neutralizing activity. A key implication of this latter conclusion is that the immunologic requirements for prevention or early control of infection may be less stringent than previously thought.
A second hopeful development for HIV/AIDS vaccine research is the demonstration that early SIV infection at mucosal portals of entry appears to be more vulnerable to T cell-mediated control than the massive systemic replication characteristic of later stages of infection. In this regard, it is now well documented that sexually/mucosally transmitted HIV infections in humans and experimental SIV infections in NHPs after limiting-dose mucosal challenge are typically initiated by one or very few transmitted/founder viral variants, and that in vaginal SIV transmission models in NHPs, the establishment of systemic, progressive infection requires up to a week of local amplification and spread at the site of initial transmission before disseminated, systemic productive infection is established (18) (Figure 2) . Conceptually, if vaccine-elicited immune responses were able to intercept the developing infection in this early period (the "window of opportunity"), antiviral effector mechanisms would act on a much smaller, localized, and less diverse viral population, which is probably less able to evade T cell-mediated suppression.
As described above, almost all T celltargeted HIV/SIV vaccines studied to date are based on nonpersistent vectors and induce conventional (T CM -biased) CD8
+ memory T cell responses that depend on an anamnestic expansion to provide antiviral effectors in sufficient numbers to combat infection (Figures 1 and  2) . Although for antibody-mediated vaccine approaches it is assumed that long-lived, effective antibody responses will be present at the time of exposure and able to deal directly with the incoming viral inoculum, the delay inherent in developing antiviral effectors from the T CM populations induced by typical vaccines results in such anamnestic response-derived effectors only confronting primary HIV/SIV infection after systemic establishment of the infection. Thus, the responses elicited by most of the T cell-based vaccines studied to date have been unable to exploit the potential window of viral vulnerability in early infection. Advances in our understanding of the biology of memory T cells over the past decade have offered an alternative approach: development of vaccines that establish and maintain high-frequency, tissue-based, functionally differentiated T EM , especially CD8+ T EM , at potential sites of infection (Figure 1) . Because CD4 + T EM , the primary targets of CCR5-tropic HIV/SIV, are invariably colocalized with their CD8 + counterparts, this strategy would provide the potential to have in place antiviral effectors in the immediate vicinity of the likeliest viral targets. This would enable immediate interception, and potentially, suppression of infection by either cytolysis of infected cells or suppression of viral spread by soluble factors. However, to the extent that virus-specific CD4 + T EM are also generated by a candidate T EM targeting vaccine, this approach does run the risk of providing a higher frequency of activated target cells at sites of early infection. Determination of the balance between these potentially infection-suppressing and infection-facilitating mechanisms, and thus predicting the efficacy of T EM responses in HIV/SIV infection, requires a vaccine approach that can establish and maintain such responses.
T EM -biased responses are the hallmark of persistent pathogens, and therefore the testing of this concept necessitates a change in vaccine strategy from vectors that provide high, but transient, antigen exposure to vectors capable of providing lower, but persistent, levels of antigen (Figure 1) . The first evidence that persistent vectors might have a superior ability to control pathogenic lentiviral infection came from analysis of live attenuated SIV vaccines. Although clinical development of attenuated HIV vaccines is precluded by the inherent potential of an attenuated primate lentivirus for pathogenicity (69) , the ability of such vaccines to mediate stringent protection against pathogenic SIV challenge, especially homologous challenge, has been demonstrated by multiple groups (70, 71 (70, 72) . Because these attenuated SIV vectors also infect CD4 + T cells and elicit both cellular and humoral adaptive immunity, as well as innate immunity, the mechanisms responsible for their high-level protection are hard to define unambiguously and remain controversial, but persistent SIV-specific T cell responses have been implicated in several studies (73) (74) (75) (76) (77) .
The ability of persistent vectors and their associated T EM responses to mediate a quantitatively and qualitatively unique pattern of protection consistent with control of early viral replication has been more definitively shown by the analysis of SIV protein-expressing vectors based on the persistent β-herpesvirus CMV [RhCMV in the rhesus macaque model (78)]. RhCMV/SIV vectors can repeatedly superinfect RhCMV + monkeys in a clinically silent manner, and, in the process of superinfection (unaffected by pre-existing CMV-specific immunity), reliably elicit and indefinitely maintain high-frequency SIV-specific CD4 + and CD8 + T EM responses at potential sites of early viral replication after mucosal challenge (49, 79, 80) . RhCMV/SIV vector designs analyzed to date elicit these T EM responses in the absence of a significant anti-SIV antibody response, and thus appear to allow delineation of the efficacy of SIV-specific T EM without the potentially confounding effects of humoral responses. Strikingly, ∼50% of monkeys vaccinated with RhCMV/SIV vectors have manifested early, stringent control of intrarectally administered highly pathogenic SIVmac. This protection was characterized by an initial peak of viremia of variable, but usually low, magnitude, followed by nearly immediate control to below quantifiable levels (Figure 2) . Although many of the protected monkeys showed periodic, lowlevel "blips" of measurable viremia during the first 30 weeks of follow-up (with blips approximately once every 6-7 weeks on average), these blips gradually waned (49) . Overall viral control was sufficiently early and stringent to preclude any measurable CD4
+ target cell depletion, as well as to prevent seroconversion to SIV Env. This early-onset CMV-vector-mediated protection occurred without an anamnestic response, and, consistent with this, was "all or none"-there was no peak or postpeak suppression of viral replication in nonprotected monkeys. There was also no measureable enhancement of infection in these nonprotected vaccinees, suggesting that vaccine-mediated induction of SIV-specific CD4 + T cells did not increase the pathogenicity of the infection.
The outcome of challenge in CMV-vectorvaccinated monkeys (e.g., protection versus nonprotection) was predicted by peak SIVspecific CD8 + T cell response frequencies measurable in peripheral blood during the vaccine phase (prechallenge), which likely reflects the degree of seeding of SIV-specific T EM in various effector sites, but was not predicted by CD8
+ T cell responses associated with protective MHC I alleles. Most significantly, stringent SIV control has been stable for >1 year in all but 1 of the 17 protected monkeys with long-term follow-up (in association with stable RhCMV/SIV-vector-maintained, SIV-specific T EM response frequencies). Comprehensive analysis of lymphoid tissues and effector sites of 4 long-term RhCMV/SIV-vector-vaccinated controllers (necropsied after >1 year of control) with ultrasensitive nested PCR/RT-PCR assays has only rarely detected SIV nucleic acid at levels that are >3 logs lower than those measured in rhesus macaques studied in parallel that had well-controlled SIVmac239 infection, as assessed by conventional criteria (49) . Moreover, all lymphoid tissues from these RhCMV/SIV-vector-vaccinated controllers were negative for "rescuable" SIV by coculture (versus easily coculturable SIV in conventional controllers). Lastly, long-term CMV-vectormediated protection was unperturbed by CD8 + lymphocyte depletion-in contrast to conventional protection, which is almost invariably diminished (e.g., viral replication increased) by this treatment. These data demonstrate an unprecedentedly low level of virus compared to any controlled or pharmacologically suppressed HIV or SIV infection reported to date, and they raise the remarkable possibility that the SIV infection in RhCMV/SIV-vectorvaccinated controllers may ultimately be cleared through ongoing immune surveillance.
The mechanisms by which CMV-vectorelicited, T EM -dominated immune responses mediate this remarkable protection remain to be precisely determined, but the ability of these responses to arrest, control, and perhaps even clear highly pathogenic SIV infection prior to irreversible systemic infection provides strong evidence that lentiviral immune evasion capability is limited when early-stage infection is confronted by potent pre-existing antiviral effector responses that do not require anamnestic expansion (49) . A corollary of this premise is that the mechanisms involved in mediating elite HIV/SIV control and long-term nonprogression of established, chronic infection may not be required, or may be distinct from those necessary for early control and therefore should not serve as a strict guide for prophylactic vaccine development.
PROSPECTS FOR AN HIV/AIDS VACCINE-REVISITED
With the negative result of the STEP trial and the realization that even the most potent vaccines designed to elicit conventional CD8 + memory T cell responses are unlikely to confer elite-controller status to the majority of infected vaccinees, the HIV/AIDS vaccine development field was left with no clear pathway to an effective vaccine-only the hope that increasingly detailed and sophisticated structural analysis of the interaction between Env and a growing panel of broadly neutralizing monoclonal antibodies isolated from HIVinfected patients would lead to advances in Env immunogen design, and eventually to a vaccine capable of eliciting high-titer, broadly neutralizing antibodies (11, 12, 58) . Although much has been learned about the epitopes recognized by these different broadly neutralizing antibodies, applying this information on antigenicity to the development of useful immunogens capable of inducing similar responses has proven
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Stages of early HIV/SIV infection and the point of effective intercept of the designated vaccine approaches.
an especially daunting challenge. There is little argument over the importance of fully exploring this strategy, but at the time of this writing, the outcome of this effort remains uncertain. Recent data offer a new approach to HIV/AIDS vaccine development based on exploiting the immune vulnerabilities of the virus during the early stage of infection (Figure 3) . Mucosal infection might be prevented by more prosaic antibody-targeted vaccines that induce antibody responses capable of binding to a virus or infected cell, but not necessarily capable of broadly neutralizing activity. Alternatively, mucosal infection might be prevented by stringent control of infection through T EM -generating vaccines. Although neither of these vaccine strategies is sufficiently optimized for clinical use in its current form, it is not unreasonable to suggest that both empirical optimization and rational design can improve the efficacy of each approach, and that the combination of these disparate and independent approaches might result in additive or potentially synergistic increases in overall efficacy. The RV144 vaccine approach might be empirically improved by optimization of priming vectors, their Env inserts, and the Env protein immunogens used in the boost, as well as the use of more potent adjuvants with the protein boost (58, 81) .
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Obviously, novel immunogens derived from structure-function analysis of broadly neutralizing monoclonal antibodies could be incorporated into these antibody-targeted prime-boost designs as they are shown to be effective. This optimization might be accomplished using both NHP models and adaptive clinical trials (82) .
The T EM vaccine concept, which, to date, has only been tested in an NHP SIV model, has a more complex development path. CMV vectors, the prototype T EM vaccine approach, are species-specific, and therefore the translation of these vectors to the clinic requires development of human CMV/HIV vectors based on RhCMV designs validated in the NHP model. Although the rhesus and human forms of CMV are genetically distinct, they are closely related, and there is sufficient functional homology among key genes to translate design concepts from the former to the latter (78) . Although CMV infection is ubiquitous and nonpathogenic in the vast majority of infected individuals, otherwise wildtype CMV vectors would pose a possible risk to certain vulnerable populations, such as pregnant women and CMV-naïve individuals with unsuspected immune deficiency. These vectors would therefore not be ideal candidates for inclusion in a prophylactic vaccine. However, in both NHP and mouse models, CMV immunogenicity does not depend on full replication competence; genetically modified CMV constructs with an inability or a highly reduced ability to spread after the initial round of infection are capable of eliciting and maintaining high-frequency T EM responses that are essentially indistinguishable from wildtype responses (83; L. Picker, S. Hansen, and K. Frueh, unpublished data). This capability likely reflects the ability of CMV-infected cells to avoid immune elimination and persist for prolonged periods despite ongoing antigen expression, a biology that strongly favors the development of safe, yet highly immunogenic, CMV vectors. Such vectors might be used subsequent to a heterologous prime, potentially increasing overall immunogenicity while retaining the T EM character of the elicited responses.
Given variability in the magnitude, quality, and duration of vaccine-elicited immune responses in humans and both the immune evasion capabilities and diversity of HIV, it is unlikely that any single vaccine approachnot even the HIV/AIDS vaccinologist's "Holy Grail" of an approach that elicits potent, durable, broadly neutralizing antibodies-will be effective (i.e., prevent or stringently control infection) in all potential transmissions. And, of course, when infection occurs in the face of significant immunologic pressure that does not confer solid protection, it almost inevitably leads to immune escape, and potentially, generation of transmissible viruses that are no longer sensitive to the involved immunologic mechanism. Strategies such as mosaic vaccine insert/immunogen designs can broaden vaccine-elicited immune responses, and help overcome the sequence diversity of transmitted HIV strains (58) , but a more general solution to this issue may lie in the development of multimodal vaccines that target different immune vulnerabilities (much like the need for multiple, differentially targeted antiretroviral drugs in effective combination antiretroviral chemotherapy regimens).
This strategy is subtly different from the conventional-wisdom mantra that an optimally effective AIDS vaccine should induce both humoral and cellular immunity, in the hope that one arm of the adaptive immune system can confront the fraction of virus not effectively dealt with by the other. Here, we suggest combining independent vaccine elements (designed to be noninterfering) that will work together in a strategically complementary fashion for enhanced overall efficacy (Figure 3) . For example, an optimized prime-boost regimen focused on HIV Env and designed to generate acquisition-blocking antibodies might be combined with CMV vectors focused on the rest of the HIV proteome and designed to elicit longlasting T EM -based cellular responses for early control and long-term immune surveillance of any residual infection. If the former component is 50% effective in blocking acquisition, and the latter component is 50% effective in stringently controlling early infection, the overall efficacy, without synergy, would be a respectable 75%. However, it is plausible that synergy would occur-for example, among those vaccinees that acquire infection, the Envspecific antibody response might decrease the number of infective foci and/or hamper early cell-to-cell transmission, and thereby increase the likelihood that CMV-vector-generated T EM would effectively control the infection. In addition, to the extent that initial protection is nonsterilizing, the ability of CMV vectors to maintain high-frequency T EM over the long term could potentially clear residual infection or subject any rebound infection to stringent control, even if the antibody component eventually waned.
In conclusion, continued basic and clinical research on HIV/AIDS immunobiology and vaccinology has, in the wake of the disappointing outcome of the STEP trial, reinvigorated HIV/AIDS vaccine development. Coupled with the surprising positive results from the RV144 study, this work has unequivocally shown that the initial take of HIV/SIV infection after mucosal exposure and the early viral replication prior to irreversible disseminated infection are more vulnerable to immune intervention than previously appreciated. Vaccines that can place appropriate immune effector responses at these early sites appear to provide meaningful protection. Although there remains much work to be done to optimize these approaches and translate this information into licensable vaccines, the HIV/AIDS vaccine field, for the first time, has a pathway to follow that is based on solid observations of efficacy and the foundation of an increasingly sophisticated understanding of lentiviral immunobiology.
DISCLOSURE STATEMENT
